I N T RO D U C T I O N
The uppermost mantle beneath the Euro-Mediterranean region is here investigated in terms of Pn and Sn tomography, based on the technique developed by Hearn (1996) which provides information on lateral seismic velocity variations, anisotropic properties and crustal thicknesses. Due to the shallow velocity gradient in the uppermost mantle and to the large contrast with lower crust velocities, Pn and Sn phases are confined in depth and thus the analysis of their traveltime variations provides insights on the velocity variations in the uppermost mantle. This methodology complements global and regional body-wave tomographies, that average velocity changes over large depth intervals and are very dependent of the crustal correction term as well as surface-wave studies, which provide good vertical resolution but tend to smooth variations horizontally. The observed variations in the Pn and Sn velocities can be associated to changes in the temperature, pressure, composition, or water content conditions. The anisotropic parameters to be derived from such kind of analysis constrain the mantle dynamics, as they can be related to the alignment of aggregate olivine crystals. Therefore, this method provides significant clues on the structure and dynamics of the uppermost mantle region.
The original purpose of this study was to apply this method to the Iberian Peninsula and Northern Morocco, in the framework of a number of projects currently on-going in that area, such as TopoIberia ), Picasso (Platt et al. 2008) or Rifsis (Gallart et al. 2012) . However, we decided to extend the study area to cover the whole Euro-Mediterranean region ( Fig. 1) , with the aim of providing a view of the properties of the uppermost mantle beneath the whole region, affected by recent tectonic events including subduction and extensional processes. This large-scale approach allows integrating previous works focusing at smaller scales (Mele et al. 1998; Hearn 1999; Serrano et al. 2005) and to connect them with recently published Pn tomographies beneath East Asia Pn/Sn tomography Euro-Mediterranean region 311 (Al- Lazki et al. 2004; Mutlu & Karabulut 2011) and the continental collision zone from Alps to Himalaya (Pei et al. 2011a) . The lack of available seismic stations make impossible to extend the tomographic images southwards of the Mediterranean coasts of Africa. However, the Mediterranean basin is generally well sampled, as it will be discussed hereafter.
The investigated region has a complex geodynamic history. After the Variscan orogeny, a large rifting episode affected the Mediterranean region in Mesozoic times. Later on, during the late Mesozoic, the area was dominated by subduction zones of relatively short wavelength, which consumed the previous Tethyan oceanic crust and its continental margins. Since Cenozoic times, the tectonics is dominated by the opening of small-size oceanic domains in backarc situation in the framework of an Africa-Eurasia convergence. The main subduction zones surrounding the Mediterranean Basin are the Alps-Betics, the Apennines-Maghrebides and the DinaridesHellenides-Taurides, which have been imaged as high velocity slabs within the upper mantle in global and regional body-wave tomographies (Bijwaard & Spakman 2000; Piromallo & Morelli 2003; Koulakov et al. 2009; Giacomuzzi et al. 2012; Zhu et al. 2012) . Extensional processes affected the whole region in Neogene times, as has been evidenced by the observation of a shallow asthenospheric layer in S-velocity tomographies (Marone et al. 2004; Schmid et al. 2008; Boschi et al. 2009; Legendre et al. 2012) . Those extensional processes resulted in the opening of the Alboran, Algerian, Valencia and Provençal basins in the West, the Tyrrhenian and Ionian basins in the central Mediterranean, the Aegean basin in the East and the Pannonian basin at the northern limit of the investigated area. The origin of the Tyrrhenian and Alboran Seas is related to the fast rollback migration of the former West Mediterranean subduction zone that resulted in the Calabrian and Gibraltar arcs migrating East and Westwards, respectively. During this process, the Corsica and Sardina block, originally located close to NE Spain, underwent a 30
• counter-clockwise rotation in Late Oligocene-Early Miocene, while the Balearic Islands underwent 25
• of clockwise rotation. Since Neogene times, Africa is converging relative to Europe at a rate of about 5 mm yr -1 , as has been evidenced by space geodesy data. The direction of the relative motion between both plates is not completely understood, with a dominant NW-SE direction in the western Mediterranean and a NNE-SSW direction to the East. This framework resulted in a complicated tectonic pattern dominated nowadays by large regions of extension surrounded by arcuate belts of compression (Carminati & Doglioni 2005) .
The geodynamics of the Euro-Mediterranean region has been a subject of debate during the last decade. Key questions, as the Cenozoic evolution of the western Mediterranean, the geometry of the subduction beneath the Peloponnesus or the relationship between the European and the Adria plates beneath the western Alps are still not solved. One of the main tools to investigate those points is provided by body and surface wave tomographies. However, those methods do not allow constraining properly the uppermost mantle, leading to relevant uncertainties in the geodynamic interpretation. Our new regional scale Pn and Sn tomographic inversions aims to provide new clues to the discussion of those open subjects. • N/55
• E region. We have tried to extend the southward limit of the investigated area, but the lack of seismic stations southward of the Tell Atlas chain does not allow recovery of appropriate Pn phases. Data prior to 1990 has not been included because the number of available seismic stations has grown significantly in the last decades, providing great increase in the amount of observations and thus in the accuracy of the catalogues. We estimate that using the whole time range of the catalogue may have a negative effect because although the number of traveltime readings increases, its accuracy clearly decreases. The phases with traveltimes exceeding by more than 30 s the theoretical time have been excluded to avoid readings affected typically by 1-min errors. Fig. 2(a) shows the traveltime arrivals recovered from the catalogue.
Pn phases are defined as head waves travelling within the uppermost mantle just beneath the Moho discontinuity, with velocities close to 8.0 km s -1 . However, in an area geodynamically very complex such as the Mediterranean region, it is very difficult to clearly identify such waves. Following classical approaches, we assumed that any phase which traveltime verifies appropriate selection criteria may be treated as a real Pn phase. These selection criteria are: (1) hypocentral depths less than 35 km; this avoids considering subcrustal earthquakes which will not generate Pn phases. We have chosen a realistic reference value, even if changes in crustal depths beneath the Mediterranean region are very important; (2) epicentral distances ranging from 220 to 1440 km (2.0
• to 12.60 • ); those values were determined from the inspection of the time-distance plot of all available wave picks; (3) initial residuals smaller than 6 s; (4) residuals smaller than 3 s after the adjustment of the mean Pn velocity; (5) each retained event must be recorded at a minimum of five stations and each retained station must have arrivals from five or more events. These selection criteria have also been considered for the Sn phases, assuming a typical V p /V s ratio of 1.73.
Applying those constraints, from an initial set of 1 172 293 traveltimes, a total of 579 753 Pn arrivals corresponding to 12 377 events recorded at 1408 stations were retained for Pn waves (Fig. 2b) , and 162 645 arrivals from 7528 earthquakes at 869 stations for Sn waves. The resulting ray paths provide an appropriate coverage for the Pn phases, although less satisfactory for the Sn ones (Fig. 3) . 
M E T H O D
We followed the classical method of Hearn (1996) for inverting Pn and Sn traveltimes both for isotropic velocity variations and transverse anisotropy perturbations.
If no anisotropy is considered, the traveltime between the i event and the j station can be expressed as where a i and b j are, respectively, the static delays for event i and station j, d ijk is the distance travelled by the ray within cell k and s k is the slowness (1/v) in this cell. The station delay depends on the crustal thickness and the velocity beneath the station, but may also include errors derived from timing problems or from erroneous picking of the phase arrivals. The event term can, in addition, contain the effect of mislocations of the event.
The sum is calculated over all the cells traversed by the ray, and the three unknowns a i , b j and s k are retrieved from the whole set of equations using regularized least squares with a preconditioned version of the LSQR algorithm (Paige & Saunders 1982) , which requires the use of a regularization or damping parameter. Further details of the technique can be found in Hearn & Ni (1994) and Hearn (1996) . Thus, features and smoothness of the final model depend on the chosen size of the cells and the value of the smoothing parameter used.
Previous works have already shown than better results are obtained if we consider the presence of anisotropy. In this case, the equation to solve will be
assuming that the anisotropy in the uppermost mantle can be properly described by a 2θ azimuthal term. A k and B k are the anisotropic parameters for cell k and θ is the backazimuth. The size of the anisotropy at cell k is related to A • . In this case, two damping factors must be used, one controlling the smoothness of the slowness variations and the other taking care of the anisotropy variations. The ratio between both factors controls the relative weight of the data variance accounted on each kind of variations, and both factors are used to get the right balance between low errors and small resolution width.
The anisotropic term in 2θ in the Hearn's equations is adapted from the theoretical work of Backus (1965) discussed in the classical review work by Crampin (1981) . For P waves, the dependence on θ is ρV 2 p = A + B c cos 2θ + B s sin 2θ + C c cos 4θ + C s sin 4θ, where ρ is the density, and A, B c , B s , C c and C s are combinations of the elastic tensor (see eq. 6.2 on Crampin 1981). In the Hearn's approximation, the terms in 4θ are not retained due to its small contribution. For S waves, the equivalent equations are
where V SP and V SR refer to the S waves polarized parallel and perpendicular to the symmetry plane. Assuming a horizontal symmetry plane, SR can be identified with the SV polarized phase, contained in the same plane than the P wave while SP will correspond to the SH component. Therefore, the SV polarized wave has a velocity variation with a 2θ dependence, in a very similar way to P waves, while the SH component will vary with 4θ . Introducing a 2θ anisotropic term in the Sn tomographic inversion implies the assumption that the S wave arrivals identified in the catalogues corresponds to SV polarized phases. This hypothesis is not unrealistic, as quite often the S wave time arrivals are read in vertical components. Therefore we decided to explore this case, even if we are aware that results should be taken with caution.
We have performed a series of tests to investigate the resolution that can be obtained with our event-station data set, and to fix the values of the number of iterations and the damping factors more convenient for our data set. First trials were performed in the isotropic case with a number of iterations limited to 25. Different damping values from 200 to 1000 were tested and finally a value of 500 was retained for slowness, even if no significant changes appear for dampings larger than 400. When dealing with Sn arrivals a smaller damping factor of 200 must be used to get a smooth image. In the anisotropic case, the trade-off between velocity and anisotropy variations has been checked using different combinations of slowness and anisotropy damping factors. However, neither the standard errors nor the tomographic images obtained show significant differences, if extreme combinations were avoided. We finally used the same value for both damping factors, as has been recommended by Hearn (1996) . This choice implies that the amount of velocity and anisotropy perturbation is similar. We decided to extend our calculations to 100 iterations, even if little additional effect on the standard error or the velocity image is observed after 60 iterations. The final root mean square of the residuals is 0.83946 s. Allowing more iterations resulted in more contrasted and patched velocity anomalies, that in turn make more convenient to use a higher damping factor, finally fixed to 1000 for the Pn inversion and to 600 for the Sn case.
The Pn tomography method assumes than the waves are travelling subhorizontally below the Moho. In case of a significant velocity gradient in the uppermost mantle the ray paths would deviate from this assumption, diving in the mantle lid and thus sampling higher velocities. However, the retained traveltimes fit properly along an 8.0 km s -1 line ( Fig. 2a) , without evidences of relevant velocity changes. Furthermore, Fig. 2(b) shows that a large majority of the used ray paths are less than 600 km in length. It has been tested that the retained traveltimes for the Sn phases adjust properly a 4.6 km s -1 line. Checkerboard test models with different pattern sizes and alternating values of ±0.25 km s -1 for low and high velocities were used to explore the resolution, with station and event delays set to zero. We calculated synthetic traveltimes using the same configuration of events and stations as in the real case and the same damping factors to test whether the input model can be recovered properly. The checkerboard with a 2
• × 2 • pattern can be satisfactorily recovered for velocity variations in most of the investigated area (Fig. 4a) . However, the scarce amount of seismic stations in Northern Africa results in a lack of resolution in the southern Mediterranean coasts. Most of southwestern Europe and the northernmost Morocco are well resolved even if beneath Northern Iberia and the Gulf of Cadiz, the resolution diminishes as most of the rays are oriented along single directions, resulting in elongated leaking. A checkerboard with 1
• × 1 • cells can only be recovered properly in the zone more illuminated by seismic rays, comprising Central Iberia, Western Mediterranean Basin, SW of France, Italy, the Balkans and Greece.
Regarding the anisotropic pattern, the resolution is clearly lower (Fig. 5) . In this case the synthetic model has anisotropic fast polarization directions (FPDs) oriented orthogonally in neighbour cells, with a 3 per cent degree of anisotropy. Checkerboard tests show how the inversion produces spurious oblique orientations at the corners of the cells, resulting in an image dominated by those artefacts when checkerboard cells of 2
• × 2 • are used. Only when large cells of 4
• × 4
• are used, the anisotropic pattern can be properly retrieved in most of the study area. This clearly shows that the anisotropic parameters are not properly constrained at small scales and thus their interpretation must be taken with special care, focusing only in large-scale features. The bootstrap analysis technique (Hearn & Ni 1994 ) is used to estimate the errors in the Pn velocity distribution. The method works by constructing a number of data sets randomly picked from the original data, inverting each one with the same parameters and finally estimating statistically the standard error of the Pn velocity distribution. Fig. 4(b) shows the result of this procedure. The velocity errors are small, only exceeding 0.02 km s -1 in the most external zones, thus confirming the good coverage in the central region.
Checkerboard test and bootstrap analysis have also been applied to the Sn data set (Fig. 6) . In this case, the area recovered properly is smaller, due to the more limited number of traveltime readings. The main difference with Pn data is located beneath the Tyrrhenian Sea, an area not sampled properly by Sn phases. However, a large zone including the whole Iberian Peninsula, France. Northern Italy, the Adria Plate, Central Europe, the Balkans and Greece is well resolved by both data sets.
R E S U LT S
The fitting of all the retained traveltimes led to a Pn velocity estimation of 8.03 km s -1 . Assuming a 6.2 km s -1 mean value for the crustal velocity, the obtained intercept time results in a mean crustal thickness over the whole area of 39.1 km.
The station static delay terms reflect variations in the crustal thickness and/or velocity relative to the assumed model. The presence of marked variations in crustal depth beneath the investigated area has been revealed from a large number of active seismic surveys (see Grad et al. 2009; Tesauro et al. 2008; Díaz & Gallart 2009 , and references therein). The station delays obtained in our study (Fig. 7) are in general in good agreement with those results. Positive delays that can be related to zones with increased crustal thickness are observed along the Hellenides, Alps, Apennines, Pyrenees, Betics and Rif ranges. The largest consistent negative delays are observed from the Canary Islands to Sicily along the southern Mediterranean coasts.
The Pn velocity perturbations are calculated first for the isotropic case (Fig. 8a) , and then an anisotropic term is introduced (Fig. 8b) . At a first glance, the presence of heterogeneous lithospheric structures in the Mediterranean area is clearly inferred from the observation of very large fast and slow anomalies beneath the region, generally in close correlation with surface geology. The inclusion of an anisotropic term does not improve significantly the final rms, evidencing the intrinsic trade-off between velocity and anisotropic variations. However, the anisotropic term enhances significantly the lateral continuity of the anomalies beneath the most active tectonic areas, as the Apennines and the Dinarides-Hellenides subduction belts and tends to focus the velocity anomalies, resulting in more contrasted images. This effect, already reported by Hearn (1996) , suggests that the presence of anisotropy must be included in any seismic study to be carried over those regions.
The most significant low-velocity values (<7.8 km s -1 ) are found beneath the main orogenic chains (Alps, Pyrenees, Betics, Apennines and the Calabrian Arc) and under the Sardinia and the East and South of the Balearic Islands, close to the northern limit of the Algerian Basin. The Dinarides-Hellenic arc is also imaged from its northern limit to the south of Peloponnesus Peninsula. Beneath Crete, the velocity anomaly is hardly recognized, probably due to reduced ray coverage. The signature of the Alps is not continuous, with low-velocity zones beneath its E and SW terminations, separated by an 8.0 km s -1 zone along the Swiss-Italian border. The anomaly beneath the Pyrenees is limited to its eastern section, while no perturbation is apparent neither in the western Pyrenean Chain nor beneath the westward prolongation of the orogen, the Cantabrian Mountains. However, the latter is not well sampled from our data. A large velocity anomaly is observed beneath the Eastern termination of the Betic chain, while the southern part of the Gibraltar Arc (Rif chain), still inside the well-resolved zone, shows a velocity close to 8.0 km s -1 . The most prominent high velocity zone extends along the Adriatic Sea, from the Po Basin to the Ionian Sea. Less prominent high Koulakov et al. 2009 ). The most prominent feature in both types of tomographic images is the low-velocity zones under the Dinarides-Hellenides, the Alps and the Apennines as well as the high velocity anomaly along the Po Basin and the Adriatic Sea. In the western Mediterranean, low velocities are observed south of the Balearic Islands and beneath the Betics. However, significant differences arise between the different tomographies in the Tyrrhenian and Provençal-Ligurian Basin, probably resulting from the lack of resolution in the upper layers in teleseismic tomography, which is greatly affected by abrupt variations in crustal thickness or velocity.
The resolution tests discussed in the previous section evidenced that the tomographic method here used allows to properly recovering only large-scale anisotropic features, as smaller ones may be the result of artefacts during inversion. Large anisotropy values (Fig. 9 ) appear beneath the Apennines, oriented subparallel to the belt and bending to NE-SW in the Calabrian Arc. The Alps show an arcuate variation of the anisotropic properties, from NS oriented FPD and a small degree beneath SE France to larger values and E-W oriented FPD under the Eastern Alps. Clear anisotropy with FPD subparallel to the orogen is also observed beneath the Dinarides and the Hellenides. The Betics have large anisotropy with FPD following the topography of the belt till the Strait of Gibraltar, but no clear evidences of anisotropy are observed beneath the Rif. In the Alboran Sea the FPD seem to shift smoothly from NS in the western part to NW-SE in its eastern section. Along the Valencia Trough, the magnitude of anisotropy is moderate and the FPD are parallel to the extension. The FPD shifts around the Balearic Islands to a NE-SW orientation between the Balearic Promontory and Algeria, where the anisotropy is stronger. Beneath Sardinia, FPD are oriented NW-SE, changing abruptly to E-W under the Tyrrhenian Basin. Further North, another region with significant anisotropy is observed under southern Germany, an area still well-resolved by our data. The observed FPD are in this case oriented close to NNE-SSW. In general, the regions with high velocity anomalies do not show a consistent anisotropic pattern, while there is an overall correlation between the zones with a significant amount of anisotropy and those with low-velocity anomalies. For comparison purposes developed in the discussion section, Fig. 9(b) shows the available anisotropic results retrieved from SKS splitting in the study area.
For the inversion of the Sn phases, the same procedure has been considered, even if the number of traveltimes and the resulting ray coverage is clearly poorer (Fig. 3) . In a first step, the inversion is done in the isotropical case. The results (Fig. 10a) show an overall similarity with the Pn inversion, even if some differences can be clearly observed. As discussed in Section 3, the inclusion of an anisotropic term, although not evident, produces an effect very similar to the case of Pn phases. The velocity perturbations are sharper and have more lateral continuity than if only isotropic velocity variations are allowed (Fig. 10b) . This provides an a posteriori argument favouring the inclusion of an anisotropic term in the Sn velocity inversion. To better discuss the differences between the Pn and Sn velocity interpretation of V p /V s ratios in terms of Poisson ratio is difficult when the quality of the P and S velocities is significantly different (Eberhart-Phillips 1990) , this representation provides a good tool to compare the Pn and Sn tomographic images. Within the area properly resolved by both Pn and Sn data, the more stable areas (Adria Plate, Central Iberia, France) have larger V p /V s ratios, while the active zones, including the Betics, Western Mediterranean, Alps, Dinarides and Hellenides display clearly smaller values.
D I S C U S S I O N
Laboratory studies on peridotite samples at high-pressure conditions have shown that seismic velocities rapidly decrease with increasing temperatures (Sato et al. 1989) . The presence of even small amounts of water can reduce the solidus temperature in the mantle, resulting in partial melt and low-seismic velocities (Karato & Jung 1998) . Therefore, the low-velocity zones observed beneath the main orogenic belts suggest abnormally high temperature conditions, implying uppermost mantle material close to solidus and related to the building of the orogens. Compositional changes or the presence of some amount of water into the upper mantle as a result of the NeoTethys and Mediterranean lithosphere subductions may also explain such low values. Mutlu & Karabulut (2011) have recently presented a Pn tomographic study of Turkey and adjacent regions, updating the previous work by Al-Lazki et al. (2004) and showing low-velocity anomalies beneath westerm Anatolia, Aegean Sea and Greece. Pei et al. (2011a) obtained a large scale Pn and Sn tomography model extending from 15
• E to the Himalaya. Beneath the Dinarides and the Aegean Sea those authors identify low velocities, while high velocities are observed beneath the southern section of the Adriatic Plate. The results here presented confirm these points, and thus make possible to extend the tomographic images till the Atlantic ocean, completing the imaging of the Alpine-Himalayan belt. As already proposed by Mele et al. (1998) using a limited number of traveltime readings, the large high velocity zone observed beneath the Po Basin and the Adriatic Sea may be due to its rather stable character, as it is widely accepted that stable cratonic areas result in high Pn velocity. The low-velocity area below the Dinarides-Hellenides can be associated to the presence of a mantle wedge (Hearn 1999) . Below the Apennines, the low-velocity zones have probably a thermal origin related to its backarc position. It can be observed that the low-velocity zone in our results is limited to the Apennines and does not extend to the Tyrrhenian Sea as it has been imaged by teleseismic tomography (p.e., Koulakov et al. 2009 ). Beneath the Alps, the two important low velocities observed seem to be separated by a zone of normal velocity located roughly under the Insubric line, which marks the suture between the European and Adriatic plates. Lippitsch et al. (2003) using high-resolution tomography showed that at 90 km depth the velocity distribution is significantly different, with high velocities in the Late Cretaceous at the eastern Pyrenees (Vergés et al. 1995) and only in Eocene to Miocene times in the Cantabrian Mountains (Gallastegui et al. 2002) . The shortening along the chain has been evaluated in 150 km in central Pyrenees (Muñoz 1992) but limited to 75 km in the western Pyrenees (Teixell 1998) . Hence, the low-velocity zone corresponds to the area where the Alpine deformation began first and where the shortening has been more important.
Active seismic surveys beneath the Betics (Banda & Ansorge 1980) have evidenced a low-velocity region beneath a thin at Universitat De Barcelona on March 11, 2014 http://gji.oxfordjournals.org/ Downloaded from mantle lid. This region, located between 38-40 km and 60 km depth, is grossly consistent with the large low-velocity area observed in both Pn and regional and teleseismic tomographies and its origin should be related to hot mantle. Teleseismic wave tomography has identified a high velocity slab under the Alboran Sea at depths exceeding 100-150 km. Garcia-Castellanos & Villaseñor (2011) recently proposed a model that includes a lateral tear of this slab beneath the Betics, which may be consistent with our observation of low velocities beneath the Betics but not further south along the Gibraltar Arc. This region has been investigated using Pn phases by Calvert et al. (2000) and Serrano et al. (2005) using different sets of data, which had evidenced the presence of a robust lowvelocity anomaly with significant anisotropy beneath the internal Betics. Calvert et al. (2000) observed a high velocity slab beneath the southern part of the Alboran Sea which was related to a rather cold mantle beneath this zone and which appears also in our results. However, heat flow data (Soto et al. 2008) does not seem compatible with this hypothesis, as it defines a hotter region (>650
• C) at Moho depths running SW-NE across the central part of the Alboran Sea.
The observation and interpretation of the low-velocity zones close to the Balearic Islands and beneath Sardinia are of particular interest because, even if previous S-wave tomographies depicted the presence of a low-velocity zone in the Algero-Provençal and Tyrrhenian basins at depths of 75-100 km (Marone et al. 2004; Legendre et al. 2012) , its presence at shallower levels has not been previously described. The Balearic Islands low-velocity zone is limited to the East by the Hannibal Ridge and includes the Emile Baudot escarpment, a large right-lateral transform zone oriented NE-SW and interpreted as marking the westward migration of the Alboran microplate (Acosta et al. 2001) . Mauffret et al. (2004) , suggested that the Hannibal ridge was an active spreading centre until Tortonian (8 Ma) or even after (6 Ma). Multibeam mapping led to the discovery of the SW Mallorca Volcanic Field, an area with a relevant number of volcanic pinnacles related to Miocene to recent volcanism (Acosta et al. 2001) . Therefore, the observed low-seismic velocities are probably related to the presence of hot materials in the uppermost mantle associated to the recent tectonics in the area. The eastward migration of the volcanic arc associated to the counter-clockwise rotation of the Corsica-Sardinia block resulted in ongoing volcanism in Sardinia until 12 Ma, followed by a sporadic anorogenic phase developed during the Late MioceneQuaternary (Beccaluva et al. 2011) . Hence, here again the observed low-velocity zones are consistent with the presence of hot materials at shallow levels. The geometry of both low-velocity zones allow to speculate with an original unique low-velocity zone, split during the emplacement of the Corsica-Sardinia block. Many reconstructions of the Western Mediterranean suggest continuity between the subducted slabs beneath the Calabrian and the Gibraltar Arcs along the Algerian margin, even if global tomography images do not confirm this point (Rosenbaum et al. 2002) . The high velocity anomaly beneath the Kabylies, observed both in our Pn results and in global tomographic images, can then be related to a segmented slab affected by vertical tearing.
Comparing V p and V s tomographies it can be observed that tectonically active zones tend to present smaller V p /V s ratios, while the stable areas have higher values. However, this point has to be taken with caution, as it has been show that the difference in the number and quality of the Pn and Sn observations makes difficult the interpretation of this ratio. Pei et al. (2011b) proposed an approach based in the backprojection of S-P time differences that can be used in future works to assess the validity of this result.
The presence of anisotropy within the upper mantle is nowadays well established (Babuska & Cara 1991) . The origin of such anisotropy is related to the strain induced lattice preferred orientation (LPO) of the mantle minerals, in particular of olivine (p.e., Nicolas & Christensen 1987) . Anisotropy thus provides one of the best tools to investigate deformation in the upper mantle somehow extending structural geology to depth. In tectonically active areas, FPD are expected to mark the direction of flow. In zones without present-day large-scale tectonic activity, LPO result from strain from the last significant tectonic episode preserved in the subcrustal lithosphere or from dynamic flow in the asthenosphere. During the last decades, the analysis of SKS splitting has provided a large amount of information related to mantle anisotropy. However, the relationship between the results of those studies and the anisotropic parameters retrieved from Pn tomography must be taken with caution, as significant resolution differences arise between both cases. SKS provides a good lateral resolution, only limited by the Fresnel zone beneath each station, but fails to constraint the deep location of the anisotropic zone. On the other hand, Pn tomography samples only the uppermost part of the mantle thus providing a good resolution in depth but its lateral resolution is limited, as it has been discussed in previous sections. Schmid et al. (2004) presented a compilation on FPD inferred from SKS splitting analysis over the Euro-Mediterranean zone. In the last years, new experiments have improved the knowledge on anisotropy over this region, as summarized in Fig. 9 , build using the results compiled by the "SplittingDataBase" (Wüstefeld et al. 2009) .
The good correlation between the inferred Pn FPDs and the trend of the main orogenic belts suggest that the origin of this anisotropy is related to the strain field. In the Aegean region the FPD tend to be oriented NE-SW (trench-perpendicular) in the backarc, where anisotropy is related to mantle wedge flow. Close to the trench, the FPD tend to be parallel to its orientation, even if the results show significant scattering (Evangelidis et al. 2011) . The Pn anisotropic parameters obtained in our study show a similar pattern, with FPD clearly parallel to the trench and changing to a more scattered, roughly NE-SW orientation in the backarc region. Enderle et al. (1996) summarized the results from the large amount of deep seismic sounding profiles sampling southern Germany along different directions. They found 3-4 per cent anisotropy with FPD oriented N30
• E below the Moho and changing slightly with depth. The results from our study are well consistent with this feature. In the Northern Apennines, the FPD derived from SKS splitting are oriented roughly parallel to the belt, even if some variations can be observed between the different domains (Salimbeni et al. 2008) . The Pn results here presented show a very similar pattern, with a main NW-SE component but shifting to NNE-SSW in the Adria region and showing a large EW component beneath Tuscany. Large variations in the anisotropic parameters are observed in the Tyrrhenian Basin. While its central and southern part is dominated by a moderate, E-W oriented FPD, the northern edge, between Corsica and Italia, show a higher anisotropy with FPD oriented NE-SW to ENE-WSW. In the southern part of the Italic Peninsula, the observed FPD shows a clear rotation following the Calabrian Arc. The same pattern has been derived from SKS splitting and has been interpreted as the result of mantle flow around the subducting slab (Baccheschi et al. 2008) . The anisotropic parameters obtained from Pn and SKS splitting are also very similar beneath the western Alps, with FPD following again the trend of the belt, from a NE-SW orientation to the North, to a roughly NS orientation in the southern termination of the Alps. Here again, the SKS results have been related to mantle flow around the subducted slab (Barruol . The available anisotropic parameters retrieved from SKS splitting beneath the Pyrenees (Barruol et al. 1998) show a clear ESE-WNW orientation, while our results do not show any evidence of anisotropy, suggesting that its origin is deeper. SKS results in the Balearic Islands show a ESE-WNW FPD which clearly differs from the NE-SW oriented anisotropy appearing south of the islands in our work. This suggests again changes with depth of the anisotropic properties. Along the Gibraltar Arc, SKS results found a clear rotation of the FPD following the arc curvature, with similar strength in both terminations (Díaz et al. 2010) . While the SKS results beneath the Betics are clearly consistent with the anisotropic properties inferred from Pn tomography, beneath northern Africa the results differ: SKS analysis show NW-SE oriented FPD, while Pn-derived fast directions are oriented NNE-SSW with intensity vanishing to the South. Beneath the Alhoceimas region, at the SE termination of the Arc, SKS data changes abruptly from NW-SE to NE-SW, while Pn FPD varies more smoothly and shows a NW-SE orientation beneath western Morocco and eastern Algeria.
The overall similarity between anisotropic parameters retrieved from Pn tomography and from the splitting of teleseismic SKS observed beneath some orogens (Betics, Apennines, Alps, DinaridesHellenides) suggests that the anisotropy is rather uniform from the base of the crust to deeps of about 300 km (the lower depth range where significant anisotropy is expected). In those cases, the anisotropic pattern may be explained by deformation in the subcrustal lithosphere beneath the orogens, with extension along the arc and compression orthogonal to it. Under those conditions, dewatering of the slab will create near solidus conditions in the mantle, hence explaining the low velocities observed beneath the orogenic belts. The hot temperatures will allow the lithospheric mantle to deform coherently, favouring the LPO and thus enhancing the anisotropy. Beneath some regions where an anisotropic origin related to mantle flow around subducted slab has been proposed (SE Alps, southern Gibraltar Arc) Pn and SKS anisotropic parameters clearly differ, suggesting different levels of anisotropy.
C O N C L U S I O N S
We presented new images of the seismic velocity and anisotropy variations in the uppermost mantle beneath the Euro-Mediterranean region obtained from the inversion of a large set of Pn and Sn arrivals compiled from the ISC catalogue for the 1990-2010 period. This contribution takes advantage of the increased number of observations available in the last decades in the Euro-Mediterranean region and provides for the first time an integrated image of the subcrustal P-and S-wave variations across the region. This contribution extends to the West the previous work by Pei et al. (2011a) , hence providing a complete image of those variations all along the AlpineHimalayan belt. The station delays depict the marked variations in crustal thickness also evidenced by active seismic experiments. The inclusion of an anisotropic term in the tomographic inversion clearly improves the lateral continuity of the velocity anomalies, confirming that the presence of anisotropy must be considered in seismic studies within this region. The highest Pn velocities are observed along a continuous band from the Po Basin to the northern Ionian Sea, while the most significant low-velocity values are associated to orogenic belts (Betics, Pyrenees, Alps, Apennines and Calabrian Arc, Dinarides-Hellenides) and probably related to thermal anomalies beneath the orogens. Large low-velocity zones are identified beneath Sardinia and the Balearic Islands, probably reflecting the presence of asthenospheric material at shallow levels. Pn anisotropy shows consistent FPD orientations subparallel to major orogenic structures, such as Betics, Apennines, Calabrian Arc and Alps in agreement with the anisotropic parameters retrieved from teleseismic shear wave splitting. This similarity suggests that the anisotropy lies within the subcrustal lithosphere beneath the orogens. On the contrary, at some regions (South-East Alps, southern Gibraltar Arc) the anisotropy results inferred from the two methods clearly differ, suggesting that at least two anisotropic zones with different origin may exist. The Sn tomographic image has lower resolution but allows confirming independently most of the features evidenced in the Pn tomography. The overall velocity variations are similar to the Pn image, but the inspection of the V p /V s variations allow to associate the tectonically stable areas with increased V p /V s values and the most active ones with lower V p /V s ratios.
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